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Abstract: Soil moisture is an important parameter for the interaction between soil and atmosphere. It is the second important factor that influences climate change, next to sea surface temperature (SST). Most previous studies
focused on the monsoon regions in East China, and only a few laid emphases on arid environments. In Xinjiang,
which is located in Northwest China, the climate is typically arid and semi-arid. During the past 20 years, the precipitation in Xinjiang has shown a significant increasing trend, and it is closely related to oasis irrigation. This paper
aims at discussing whether abnormal soil moisture in spring can be the signal to forecast summer precipitation. The
effects of abnormal soil moisture due to farm irrigation in spring in arid environments on regional climate are investigated by using a regional climate model (RegCM3). The results indicate that positive soil moisture anomaly in
irrigated cropland surface in May led to an increase in precipitation in spring as well as across the whole summer.
The impact could last for about four months. The effects of soil moisture on the surface air temperature showed a
time-lagging trend. The summer air temperature declined by a maximum amplitude of 0.8ºC. The increased soil
moisture could enhance evaporation and ascending motion in the low troposphere, which brought in more precipitation. The soil moisture affected regional weather and climate mainly by altering the surface sensible and latent
heat fluxes.
Keywords: irrigation; abnormal soil moisture; weather and climate effects; precipitation; arid region; Xinjiang

As one of the important parameters for land surface
process, soil moisture plays an important role in regional weather and climate change by affecting the
heat fluxes at the interface between atmosphere and
land (Walker et al., 1977; Ma et al., 2001). The study
of Global Ocean-Atmosphere-Land System (Barron,
1994) shows that the function of soil moisture is the
second important parameter next to sea surface temperature (SST) for climate change. The continuity of
abnormal climate in China is highly related to soil
moisture status (Guo et al., 2003; Sun et al., 2005; Xie
et al., 2005). Due to the lack of observed soil moisture
data and biases and uncertainties in the National Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis
(Roads et al., 1999; Lenters et al., 2000), previous

studies about the impact of soil moisture on weather
and climate change mainly concentrate on numerical
simulation. Namias (1958, 1963) found that the seasonal abnormality of soil moisture is of great importance in affecting the seasonal changes of atmosphere.
Henderson-Sellers (1996) revealed that 65% of the
precipitation on the land is from land evaporation (the
other 35% is from the ocean’s water vapor transportation), indicating that the precipitation on land is
mainly from land surface evaporation closely related
to soil moisture. Comparsion of the model results from
experiments with dry and moist soils (Shukla and
Mintz, 1982) showed that dry soils receive rainfalls
about 40%–50% less than moist soils in July in most
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parts of land or non-monsoon regions, signifying that
land evaporation is a very important source for land
precipitation. Numerical experiments display that the
climate abnormality resulting from soil irrigation can
last around 3–5 months and even longer in the midand high-latitude regions. However, precipitation has
dramatically decreased over the non-monsoon regions
in the western part of China where the soil is dry (Yeh
et al., 1984; Zhu et al., 1996). Influence of abnormal
soil moisture on climate changes, by using IAP (Institute of Atmospheric Physics, Chinese Academy of
Sciences) atmospheric circulation model, revealed that
the positive abnormality of soil moisture can
strengthen precipitation (Wang, 1991). In addition, Li
et al. (2007) conducted a numerical study on the regional climate effect induced by the soil moisture abnormality in spring across Yangtze-Huaihe river valleys and found that the variation of soil moisture drastically affected regional precipitation.
Previous studies based on observations indicated
that a noticeable trend of “warming and humidification” with obviously increasing precipitation in Xinjiang has appeared since the late 1980s (Shi et al., 2002;
He et al., 2003). Yang and Zhang (2007) suggested
that the precipitation increase in Xinjiang is correlated
to the unusual atmospheric circulation which presents
with the equivalent barotropic structure as well as the
active low-value system in Central Asia. However,
other researchers argued that the increasing precipitation in Xinjiang is closely related to the increase in
oasis area and farm irrigation (Zhang and Shi, 2002).
As well known, irrigation can not only change soil
moisture, but also significantly alter hydrologic cycle
and energy budget at the interface between atmosphere and land, further affecting local climate. However, the effects of irrigation on precipitation remain
equivocal. Some researchers argued that large-scale
irrigation can lead to an increase in precipitation
(Eddy et al., 1975; Barnston and Schickedanz, 1984;
DeAngelis et al., 2010), but others pointed out that no
evidences can prove the significant effects of irrigation
on precipitation (Eddy et al., 1975; Moore and Rojstaczer, 2001). Therefore, whether or not irrigation
can induce precipitation increase in Xinjiang is still an
unsolved problem. However, some work has been
done to reveal the relationship between irrigation and
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precipitation in Xinjiang. Irrigation farming is commonly practised in most oases in Xinjiang, which
makes it a typical area for studying the influences of
irrigation on regional weather and climate. The aim of
this study is to investigate the relationship between
spring irrigation and summer precipitation and further
explore the possible physical mechanisms behind.

1

Model and experimental design

The regional climate model used in this study is
RegCM3, which was developed in Abdus Salam International Centre for Theoretical Physics (ICTP).
RegCM3 is a hydrostatic model based on the fifthgeneration Pennsylvania State University–National
Center for Atmospheric Research Mesoscale Model
(PSU–NCAR/MM5) (Grell et al., 1994). In this study,
the radiative transfer package of National Center for
Atmospheric Research (NCAR) Community Climate
Model version 3 (CCM3) (Kiehl et al., 1996) was employed; the non-local atmospheric boundary scheme
developed by Holtslag (1990) was adopted; the Grell
cumulus convective parameterization scheme was
used; and the Subgrid Explicit Moisture Scheme
(SUBEX) (Pal et al., 2000) was applied to treat
non-convective cloud and precipitation processes.
Model domain in this study includes the entire Xinjiang and its surrounding areas (Fig. 1). The domain
center is 84.5°E, 41.5°N and the grid is 78×70 with a
grid spacing of 30 km. RegCM3 has 18 vertical levels
with sigma coordinates and the model top is at 10 hPa.
Exponential Relaxation Method (Davies and Turner,
1977) was used for the model lateral boundary with 12
grids in the butter zone. The initial and lateral boundary conditions were derived from National Center for
Environmental Prediction/Department of Energy (NCEP/
DOE) reanalysis 2 (R2) (Kanamitsu et al., 2002) and
updated every 6 hours.
Irrigation farming areas in Xinjiang are selected as
key regions to explore the impact of the soil moisture
abnormality caused by spring irrigation on the regional weather and climate in summer. The land
types/vegetations were divided into 20 categories in
the land surface scheme (BATS1E), of which Category
10 is irrigated crop (Fig. 1). In order to study the effects with Category 10, the soil moisture of 1 May,
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1996 was used for a 6-month control and sensitivity
integration (from 1 April to 30 September, 1996). During the sensitivity experiment, the soil moisture value
at 0:00 of 1 May is changed into abnormal value after
one month’s spin-up time. There are three vertical layers of soil moisture in the model and the abnormal
values of regional soil moisture from the top layer to
the deep layer increased by 60%, 40% and 20%, respectively, relative to the original values in the control
experiment.

Fig. 1
area

Simulation region and the distribution of irrigation farming
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Results
Distributions of the difference values of precipitation and temperature

Comparison between the precipitation and surface
temperature simulated from the control experiment
with observed values shows that RegCM3 well reproduces the monthly variation of precipitation in South
and North Xinjiang (Fig. 2), despite that the precipitation intensity is overestimated. The model can well
simulate the monthly variation of temperature as well
but with cold biases. These results disagree with those
obtained in the monsoon areas in East China (Li et al.,
2007). Meanwhile, RegCM3 has better performance in
simulating the precipitation and land surface temperature in North than in South Xinjiang. Overall, RegCM3
can properly simulate the precipitation and land surface
temperature.
Figure 3 shows the monthly rainfall difference between sensitivity and control experiments. Soil moisture
abnormality resulted in large precipitation differences
between both sides of the western part of Tianshan
Mountains. The precipitation differences varied obviously during the first 4 months and became very small
in September, indicating that the effect of soil mois-

Fig. 2 The simulated and observed regional mean precipitation and surface temperature in North (a, c) and South (b, d) Xinjiang in
1996; CTR means simulated values and OBS means observed values.
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Fig. 3
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Precipitation differences between sensitivity and control experiments

ture anomaly declined significantly till almost disappeared. In addition, in the first and second months the
differences mainly appeared in North Xinjiang, but
starting from the third and fourth months, they extended to the western part of South Xinjiang. The precipitation in North Xinjiang varies with latitudes. The
increase in precipitation mainly occurred in the later 4
months after abnormality emerges in the soil moisture.
This situation lasted longer in Xinjiang than in the
monsoon areas in East Asia. The increased precipitation mostly fell at both south and north of Tianshan
Mountains and the western part of South Xinjiang,
where the main oasis areas of Xinjiang are present and

where evaporation is more strong (data not shown).
The precipitation increase during the later period in
local or nearby areas mainly responds to the abnormality of soil moisture in oasis areas.
Figure 4 gives the mean temperature difference
between the sensitivity experiment and the control
experiment. The result indicates that compared to the
control experiment the change in air temperature for
the sensitivity experiment is very slight with a bit
lower (warmer) temperature over the northwestern
part of North Xinjiang and parts of South Xinjiang in
May. However, compared with the control experiment,
the summer mean temperature for the sensitivity ex-
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periment decreases significantly in the oasis areas in
North Xinjiang. In areas around Altai and Tacheng
prefectures, the temperature can even drop by a
maximum amplitude of 0.8ºC. The result is consistent
with that from previous observations (Zhang and Shi,
2002). The decrease of soil temperature and the reduction in the conveyance of surface sensible heat, as well
as the humidity increase and temperature decrease in
the low-level atmosphere, can result in cloud growth
and solar radiation weakening, which makes surface
temperature and atmosphere temperature decrease,
conducing to a further positive feedback.
2.2 Distribution of difference values of circulations
The variation of soil moisture can cause changes in the
exchanges of water vapor and energy between land
and atmosphere, and further alter the temperature and
humidity of atmosphere and form anomalous circulations. According to Fig. 5, the anomalous south winds
occurred in South Xinjiang in May, and the tempera-

Fig. 4

Fig. 5
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tures in this region were also increased. The horizontal
wind shear anomaly appeared in the western part of
Tianshan Mountains, where the precipitation was also
increased. In summer, an anomalous cyclone circulation emerged in the low-level atmosphere over the
Tarim Basin. And when the anomalous anticyclone
circulation presented a deviation over the northwestern
part of North Xinjiang, it became developed. This
phenomenon matches with the precipitation increase
in these regions. The abnormality of soil moisture in
May is prone to induce anomalous cyclone circulations over Xinjiang and its adjacent areas in summer,
which also works as a key factor impacting the precipitation in these regions.
Figure 6 shows the zonal-height and meridional-height sections of mean vertical wind speed differences in summer, revealing ascending motion
anomaly extending from east to west and from north
to south. This is corresponding to the case for the latitudes in oasis concentration areas. Under the heat

Air temperature differences between sensitivity and control experiments

Difference in wind vector at 850 hPa between sensitivity and control experiments
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Fig. 6 Zonal-height section (a) and meridional-height section (b) of vertical wind speed differences between sensitivity and control
experiments

forcing in summer, the northern side of Tibetan Plateau is dominated by sinking airflows. Therefore, the
winds may generate a difference in the ascending
speed after soil moisture becomes abnormal and the
geopotential heights weaken at 700 hPa or lower levels. Such impacts on geopotential heights are located
at much lower levels in East China where vigorous
convections often occur in summer. The strengthened
ascending motion of atmosphere contributes to favorable conditions for precipitation. The variation of
characteristics in regional underlying surface has a
significant impact on the intensity of short-term precipitation across our study area. The impact in Xinjiang mainly resulted from changing the energy exchange form of land-atmosphere system and the sublevel circulation formation of heterogeneous surface
thermal force, and meanwhile, the impact in the
nearby areas is mainly due to the function of sub-level
circulation and large-scale stratospheric processes (Du
and Yan, 1993).
2.3

Analysis on energy variation

The changes of soil moisture contribute to the variation of surface parameters such as albedo, evaporation,
the water vapor content of atmosphere, cloud amounts,
and changes in the equilibrium relations of land-atmosphere energy exchange. The time evolution of the
regional mean difference in the four surface heat flux
components, including net downward solar short-wave
radiation, net upward long-wave radiation, sensible
heat flux and latent heat flux, is shown in Fig. 7. The
four surface heat flux components show no differences

between the sensitivity experiment and the control
experiment in April when no soil moisture abnormality is present, but the changes in the four heat flux
components can be noted after the abnormality is input
on 1 May. However, the changes in the four heat flux
components with the input of the soil moisture abnormality are not significant in May, but significant
changes can be observed in summer, making the latent
heat flux significantly increase compared to the control experiment. The significant increase is mainly due
to increased evaporation. The air temperature in the
low-level is mainly affected by the long-wave radiation of the surface. The long-wave radiation is relatively weak and makes the air temperature decline and
the surface heat flux decrease. During the process of
surface energy balance, the increase in latent heat
flux is offset by the decrease in long-wave radiation
and sensible heat flux. The short-wave radiation differences are much smaller than those of the other
components. The situation over South Xinjiang is
very similar to that over North Xinjiang (data not
shown).

3

Discussion and conclusion

The abnormality of soil moisture exerts significant
impacts on regional precipitation and air temperature
by changing the surface radiation flux, sensible heat
and latent heat fluxes between atmosphere and land.
Increased soil moisture can result in an increase in
surface evaporation and a decrease in surface temperature by a maximum amplitude of 0.8ºC. After the

138

JOURNAL OF ARID LAND

Fig. 7 Time evolution of the regional mean difference in the
surface heat fluxes between sensitivity and control experiments
over North Xinjiang

soil moisture abnormality was introduced, significant
impacts of soil moisture on precipitation and temperature appeared in May and ran through the whole summer. The abnormal increase of soil moisture can produce a circulation system in the low-level wind fields
that is propitious to precipitation increase. Meanwhile,
the strengthened convective ascending motion pro-
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vides favorable dynamic conditions for the formation
of precipitation, and precipitation and temperature in
non-oasis areas are impacted through sub-level circulation and large-scale advection processes.
Although there are some biases in the simulation of
RegCM3 in the arid regions of Xinjiang, the sensitivity experiment reveals that soil moisture has some significant impacts on weather and climate over these regions. The soil moisture abnormality in the early period
obviously affected the meteorological elements including precipitation and temperature in the later periods.
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